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Abstract
Ferrous iron (Fe2+) toxicity is one of the major constraints to rice production in the world.
Cultivated African rice (O. glaberrima  Steud) is generally less sensitive to stress than
cultivated Asian rice (O. sativa L.). The objective of this work was our understanding of
the resistance mechanisms and strategies of rice in the presence of an excess of ferrous
iron by submitting a wide range of cultivars of both cultivated rice species and their
interspecific hybrids under two levels of Fe2+ (0 and 250 mg L-1 supplied as FeSO4)
during 28 days in hydroponic conditions in greenhouse. Leaf dry weight, root organic
matter, leaf bronzing index, leaf and root Fe concentration, leaf and root mineral
concentration and reduction in leaf and root growth were determined. Leaf iron
concentration and the level of bronzing correlated positively and highly significantly.
Both parameters correlated negatively and highly significantly with leaf dry weight, thus
showing that efficient regulation of leaf iron concentration play a primordial role in
resistance to ferrous iron toxicity. The weight of iron coating correlated positively with
the level of bronzing and iron concentration of leaves but negatively with iron-treated
root organic matter. Clearly, in our experimental conditions, the iron coating must be
considered as a symptom of sensitivity to ferrous iron toxicity rather than as a
mechanism of resistance. Obvious differences were found between cultivars, especially
discriminating the glaberrima’s from the remaining ones. The glaberrima’s produced
high biomass, both under control and treated conditions. They showed low levels of
bronzing. This suggests that one of their main resistance mechanisms could be related
to a dilution effect. They may thus be considered as ferrous-iron resistant mainly
because of avoidance mechanism.
Introduction
Ferrous iron (Fe2+) is readily soluble and available to enter into the roots (Chaney et al, 1972). Iron
toxicity is caused when a large amount of Fe2+ is mobilized in situ in soil solution or when interflow brings
Fe2+ ions from upper slopes (Moormann and Breemen, 1978; Yoshida, 1981). Iron toxicity occurs when the
rice plant accumulates a toxic concentration of Fe in the leaves (Sahrawat, 2004): the reported levels of Fe
in culture solutions that cause toxicity vary from as low as 10 mg Fe L-1 up to 500 mg Fe L-1 or higher. The
wide range in the reported Fe toxicity levels may be due to differences in the form and source of Fe used,
varietal tolerance, the concentrations of other nutrients, temperature, and solar radiation (Marschner and
Cakmak, 1989; Bode et al., 1995).
Iron toxicity is widely distributed in Southeast Asia, Africa and South America and constitutes a major
problem for rice production, which is frequently conducted under flooded conditions (Sahrawat et al., 1996;
Genon et al., 1994; Sahrawat, 2004). The nutritional disorders of rice known as Akagare Type I in Japan,
Akiochi in Korea and bronzing in Sri Lanka are attributed to Fe toxicity (Ponnamperuma et al., 1955; Tanado
et Yoshida, 1978). In West and Central African region iron toxicity reduces rice yields in wetlands by 12-
100% depending on the intensity of toxicity and tolerance of the rice cultivar (Virmani, 1977; Abifarin, 1989;
Intl. J. Agron. Plant. Prod. Vol., 4 (10), 2570-2591, 2013
2571
Sahrawat et Singh, 1997; Sahrawat et al, 2000 and Olaleye et al., 2001). It has been estimated that 30-40%
of the inland swamps in the forest and savannah zones in West Africa are affected by varying degrees of
iron toxicity stress (Sahrawat and Sika, 2002).
Ferrous iron toxicity symptoms in rice plant have been described (Tanaka et al., 1966; Howeler, 1973;
Ponnamperuma et al., 1995): Brown spots begin to appear on the older leaves. Gradually, the tips of these
leaves take on a reddish-brown colour which spreads towards the base, especially along the edges.
Moreover, drops in the number of tillers and shoot height (Olaleye et al., 2001), fresh and dry weights (de
Dorlodot et al., 2005) and spikelet fertility are observed (Ottow et al., 1988). On the roots, symptoms are
deposits of ferric (Fe3+) precipitate at the outer surface (root iron coating) (Green et Etherington, 1977). The
roots become scanty, coarse, short and dark brown (Sahrawat, 2004). These symptoms are a response to
metabolic disorders, mainly in relation to the Fenton reactions leading to the production of high levels of toxic
hydroxyl radicals (OH)- and other reactive oxygen species (H2O2, O2-) (Bode et al., 1995 ; Estevez M.S. et
al., 2001 ; Thongbai P. et al., 2000).
High concentrations of Fe2+ in the plant and the rhizosphere disturb the nutrition of the plant (Benckiser
et al., 1984).The foliar concentrations of some elements (P, Ca, Mg, Cu, Mn, Mo and Zn) decrease in the
plant shoots exposed to 125 mg L-1 Fe2+ in the nutrient solution (Snowden et Wheeler, 1995; de Dorlodot et
al., 2005), probably caused by the presence of the iron coating, by a lack of selectivity of the absorption sites
between iron and other cations.
 A high application of K and P reduced the severity of bronzing and increased dry matter production of rice
in the field (Mandal and Halder, 1980; Yamauchi, 1989).
Mechanisms involved in the resistance of plants to ferrous iron toxicity are: First, a part of the oxygen
which diffuses in roots through the aerenchyma (Ando and al., 1983) is released by plants in the rhizosphere
(Colin and Crowder, 1989 ; Colmer and al., 1998 ; Kirk, 2003) and causes the oxidation of Fe2+ into Fe3+,
forming a root iron coating (Green and Etherington, 1977) which is assumed to reduce the entry of iron into
the plants. Second, regulating mechanisms for the transport of iron from roots to aerial parts are involved in
those plants that show iron tolerance (Curie and Briat, 2003). Third, some genotypes produce antioxydative
enzymes or free radical scavengers (Fang and al., 2001; Becana and al., 1998). Finaly, plants can stock
Fe2+ in extra cellular or cellular compartments, as in plastids where it forms a complex with phytoferritin
(Briat, 1998).
Although rice cultivation in Sub-Saharan Africa is now mainly based on the Asian rice species, Oryza
sativa L., landraces the African indigenous rice Oryza glaberrima Steud. are  grown in extensive, traditional
production systems in upland and deep-water systems (Sahrawat, 2004). Oryza glaberrima is known to have
a lower yield potential than Oryza sativa due to (1) a limited number of spikelets per panicle, caused by the
lack of secondary branches, (2) grain shattering and (3) poor resistance to lodging (Dingkuhn and al., 1998;
Jones and al., 1997). However, O. glaberrima possesses useful traits in terms of tolerance to biotic and
abiotic stresses such as acidity, iron toxicity and drought. Moreover, its early, rapid and vigorous vegetative
growth can contribute to a better control of weeds in rice fields (Ghuesquière and al., 1997; Jones and al.
1994; Haefele and al., 2004).
Efforts to utilize O. glaberrima genes to improve Asian rice cultivars have intensified recently. The sterility
barrier, which commonly prevents interspecific breeding beyond the F1 generation, was partly avoided by
using selected parental materials that show minimal genetic compatibility, and partly overcome by using one
or two back crosses, anther culture and double haploidization (Jones et al., 1997). On this basis, a breeding
program at the Africa  Rice Center (ARC/ formerly Warda) in Benin worked out a plant type concept for
diverse environments and ecology of Sub-Saharan Africa. This plant type combines the morphological and
physiological characteristics of O. glaberrima and O. sativa in interspecific progenies, the so called New Rice
for Africa (NERICA) (Jones et al., 2001).
Many studies on the sensitivity of O. sativa L. in ferrous stress condition were made (Wu et al., 1997; Wu
et al., 1998; Zhang et al. 1999; Ramírez et al., 2002) and very few on interspecific hybrids (de Dorlodot et
al., 2005), but there is not almost for cultivars of O. glaberrima.  Furthermore, on one hand the mechanisms
on the base of the resistance were studied also but not completely, on the other hand the Iron uptake
strategy in grasses monocotyledonous plants (Strategy 2) in limited conditions was enough documented
(Marschner, 1995; Briat et Vert, 2004) but not yet under iron toxicity condition. This research tries to
contribute to this very complex subject of ferrous iron toxicity to the rice, with as aims: (1) To estimate the
response to the ferrous toxicity of the various cultivars of cultivated rices, O. sativa L., O. glaberrima Steud
and interspecific hybrids, in hydroponic condition by focusing the attention on some growth and mineral
parameters; (2) To understand the physiological mechanisms involved in the ferrous toxicity resistance and
their relative importance to the rice cultivated in hydroponic conditions; (3) To try to explain the iron uptake
and its transport under iron toxicity condition.
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Materials and Methods
Plant material
They were provided by ARC (African Rice Centre, Benin), IRRI (International Rice Research Institute, the
Philippines) and FACAGRO (Agriculture faculty of Burundi University). Seventeen cultivars (7 of Oryza
glaberrima Steud, 6 of Oryza sativa L.  and 4 interspecific hybrids) were studied.
Table 1 . List of genotypes and their classification by species/ecotype and origin
N° Genotype Species Provider
1 TOG 5596 O. glaberrima ARC
2 TOG 7105 O. glaberrima ARC
3 TOG 6545 O. glaberrima ARC
4 CG 14 O. glaberrima ARC
5 CG 20 O. glaberrima ARC
6 IRGC 104232 O. glaberrima IRRI
7 IRGC 104334 O. glaberrima IRRI
8 WAB 450-11-1-2-P41-HB O. glaberrima x O. sativa ARC
9 WAB 450-1-BP24-HB O. glaberrima x O. sativa ARC
10 WAB 880-1-38-20-23-P1-HB O. glaberrima x O. sativa ARC
11 WAB 891-1-10-5-2-15P1-4PD1 O. glaberrima x O. sativa ARC
12 BW 348-1 O. sativa ARC
13 CK 4 O. sativa ARC
14 WAB 56-104 O. sativa ARC
15 V.O. 46 O. sativa FACAGRO
16 Azucena O. sativa IRRI
17 IR 64 O. sativa IRRI
The choice of these cultivars was lead by the will to represent various mainly cultivated species and the
presumed sensitivity to the ferrous toxicity. Thus the cultivars TOG 5596, TOG 7105, TOG 6545, BW 348-1,
CK 4, WAB 450-11 were selected by ARC for ferrous iron toxicity, WAB 450-1, WAB 880-1, WAB 891-1
were selected for drought, therefore presumed sensitive to iron toxicity; WAB 56-104, CG 20 and CG 14 are
used as parents for hybrids. The latter are iron toxicity resistant. IRGC 104232, IRGC 104334, V.O. 46 and
AZUCENA were considered moderate resistant and IR 64 as sensitive to iron toxicity by our preliminary
works.
Climatic conditions of culture
The seeds were germinated in glass flaks (9 cms diameter and 9 cm depth). Ten seeds per flasks were
placed on filter paper (Whatman n° 1) moistened with 10 ml demineralised water, under 12 hours
photoperiod (120 µmol m-2 s-1) and at 25°C.
Ten days later, plants were planted out on polystyrene plates floating in tanks (24 plants per tank)
containing 25 L of nutrient solution (Yoshida et al., 1976), with a pH value of 4.5 and cultivated in a
glasshouse where climatic conditions were 12 hour-day length (Mercury steam bulbs, Philips HPI 400 W),
minimum day - and night - temperatures were 28 and 22°C, respectively. The nutrient solutions were
replaced weekly. The pH value was adjusted daily.
Fifteen days after acclimation, plants were stressed with ferrous iron for 28 days. Levels of treatment
were respectively 0 and 250 mg L-1 Fe2+ for control and treated plants. The solutions were renewed twice a
week. All other culture parameters remained the same.
The first experiment was led from April 20th till June 15th, 2003, the second one from February 9th till
April 2nd, 2004 and the third experiment from August 13th till October 6th, 2004; periods going from the
germination of seeds to the harvest of plants. The climatic conditions having prevailed during the experiment
were 26,80 °C, 24,97 °C and 25,73 °C for the average temperatures; an average relative humidity of 62,20
%, 42,00 % and 59,29 % and a daily average duration of insolation of 7,56h, 3,95h  and 5,28h for the
experiments 1, 2 and 3 respectively.
Control of nutrient Solution
pH, redox potential, conductivity and rate of dissolved oxygen were measured before and after all
renewings of nutrient solutions, with a transportable multimeter (WTW Universal Meter, multiline P4) with
respectively the probes WTW pH-Electrode SenTix, WTW TetraCon 325, WTW Electrode Sen Tix ORP and
WTW CellOX 325.
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Measurements of phenotypic and mineral parameters
The tolerance index scale suggested by the International Rice Research Institute and consisting of a 9-
level scale based on the degree of leaf bronzing and the growth performance under Fe2+ stress was used to
evaluate the level of sensitivity of cultivars one day before harvest (table 2).
Table 2. The IRRI index scale for evaluation of Fe2+ toxicity (IRRI, 1996)
Scale Description
1
2
3
5
7
9
Growth and tillering near normal
Growth and tillering near normal; reddish-brown spots of orange discoloration on tips of
old leaves
Growth and tillering near normal; older leaves reddish-brown, purple or orange yellow
Growth and tillering delayed; many leaves discoloured
Growth and tillering ceased; most leaves discoloured or dead
Almost all plants dead or drying
After 28 days of treatment, 20 plants were randomly collected from each cultivar and treatment. The
aerial parts were separated from the roots and their fresh weights were determined. The samples were then
incubated in a steam room during 6 days at 60°C to determine the dry weights and water contents.
The mineral analyses from 5 plants (shoots and roots) randomly taken from each cultivar and treatment
were realized. The plants were analysed independently. Each sample was first crushed (Crusher model
Cyclotec). The obtained powder was then put in plastic flasks and kept in a steam room at 60°C. The
samples were incubated in an oven (Oven Naberthen model N 11) at 450°C during 24 hours. To avoid
sample ignition, the ascent of temperature was progressive during the first four hours. Ashes were kept
immediately in a dessicator before being weighted again.
Then, 6mL of nitric acid (70 % v/v) and 10 mL of fluorhydric acid (48-51 % v/v) were added to each
sample. They were dried on a hotplate and recovered with nitric acid 2 N in 25 mL gauges. Iron content was
determined by the atomic absorption spectrometer, model 300, and expressed as iron concentrations
(milligrams per litter of solution) in the dry matter of shoots and roots.
However, because of the difficulties to separate the iron coat from the roots without damaging the outer
cortical parenchyma, the iron content and the weights of the roots include both the roots and the iron
coating. Indeed, several attempts to extract iron plaque by the DCB (Dithionite - Citrate - Bicarbonate)
(Taylor and Crowder, 1983 ; Zhang and al.,1998) did not give reliable results. Whatever the doses and the
times of extraction were, the DCB extracted at the same time both iron from the roots and iron from the
coating.
The ferrous iron presence caused the formation of root iron coating, which increases more or less the
dry weight of treated roots, and thus distorted the real weight of treated roots. The dry weight of the latter is
however, to be taken with more precaution. To avoid this confusion, it must be understood that the mineral
parameters obtained after incubating the samples in the oven include not only the iron content and total
minerals, but also the organic matter of these same samples obtained by the difference between the dry
weight of the samples and the weight of the total minerals (ash). Considering the difficulty to separate the
iron coating of the roots and the fact that the mineral content in the dry control roots is small (+/- 10 %), the
minerals contents obtained in the treated roots represented almost completely the iron coating quantity.
Thus the weight of the organic matter of roots constituted a good indicator to compare the dry weight of
roots. Whereas minerals content is also a good indicator to appreciate the iron coating quantity formed on
roots. Indeed, according Matsuo et al. (1995) rice plant weight mainly consists of organic matters like
proteins and carbohydrates. The protein metabolism dominates in the vegetative growth phase, while the
carbohydrate metabolism does in the reproductive growth period. The portion of inorganic matters in the
weight of rice plant is generally small, i.e. rice straw at harvest usually has more than 10 % of a silicon
content.
Data Analysis
Data analysis was carried out with the SAS statistical software version 8.2 (SAS institute, North Carolina,
USA). Data for dry weights, water content, iron content, mineral content and the weights of organic matter
were submitted to a variance analysis (PROC GLM) with three fixed and crossed factors of variance: applied
ferrous iron concentration, cultivars, and repetition in time. Bronzing scale was submitted with one factor
(cultivars). To compare the cultivars dry weights, contrasts analysis was done, whereas for the other
parameters, a multiple comparison was operated in all possible pairs of means, with the test of Tukey ( =
0.05). To determine the relation which exists between various parameters, an analysis of correlation was
made.
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Results
I. Leaves
Dry weight of control leaves
The statistical analysis showed large differences (**) between cultivars. Comparison of the averages by
the Tukey test ( = 0.05) allowed the classification of the cultivars (Table 3, a). All cultivars of O. glaberrima
showed more important dry weight than those of O. sativa and the interspecific hybrids. The differences
between the cultivars of these last two groups were not significant.
Bronzing scale
Bronzing scale is a classic parameter to evaluate cultivars to the sensitivity for ferrous toxicity. Large
differences (**) appeared between cultivars in terms of their sensitivity for ferrous toxicity. The comparison of
the averages by the Tukey test ( = 0.05) (Table 5) showed that, except BW 348-1 and V.O. 46, cultivars of
O. sativa and hybrids had a very high level of bronzing compared to cultivars of O. glaberrima. These latter
had a rather weak level of bronzing. The cultivar WAB 891-1 (hybrid) presented the highest level of
bronzing, whereas cultivars TOG 6545 (O. glaberrima), V.O. 46 and BW 348-1 (O. sativa) presented a lower
bronzing level.
To appreciate the relation between bronzing and the growth, bronzing was correlated negatively (**) with
dry weight of treated leaves (r2 = 0,48) (Fig. 1.A).
Dry weight of treated leaves
The statistical analysis showed large differences (**) between cultivars. The comparison of the averages
by the Tukey test ( = 0.05) showed three tendencies of the cultivars (Table 3, b): (1) Cultivars with a high
dry weight: TOG 5596, TOG 7105, CG 20, IRGC 104232 (O. glaberrima); (2) Cultivars with an intermediary
dry weight: TOG 6545, IRGC 104334, CG 14 (O. glaberrima), BW 348-1, V.O. 46, Azucena (O. sativa); (3)
Cultivars with a small dry weight: WAB 56-104, CK 4 and IR 64 (O. sativa), WAB 450-11, WAB 880-1, WAB
450-1 and WAB 891-1 (Hybrids).
To appreciate the differential response of cultivars under control conditions and under treated conditions,
an analysis of contrasts realized on the interaction between cultivars and treatments was made. The data
evaluation by Tukey test ( = 0.05) (Table 4, a), showed that the cultivars of O. glaberrima behaved in the
same way by reducing more their dry weight under treated condition, compared to those of O. sativa and
hybrids. The differences between this two latter were not significant. The reduction in weight under treated
conditions seems to be proportional to the importance of the biomass.
Relative ratio of dry weight
To appreciate the level of sensitivity of plants treated with regards to control plants, the relative ratio in
dry weight expressed in % was realized for all cultivars. Table 6 shows that whatever the species, the dry
weight was reduced in all cultivars. Nevertheless, the dry weight of hybrid cultivars was moderately reduced
under Fe2+, compared to most of the O. glaberrima and O. sativa cultivars. However, correlation between
relative ratio with dry weight of treated leaves (r2 = 0,045) (Fig. 1.B) and bronzing (r2 = 0,038) (Fig. 1.C) were
not significant.
Iron contents of leaves
Large differences (**) appeared between cultivars. Under treated conditions, the comparison of the
averages by the Tukey test ( = 0.05) globally showed two tendencies of the cultivars (Table 7, b): (1) Six
cultivars with a high iron content, notably CK 4, WAB 56-104, AZUCENA (O. sativa) and WAB 880-1, WAB
450-1, WAB 891-1 (hybrides); (2) Eleven other cultivars, essentially all O. glaberrima cultivars and three
cultivars of O. sativa (BW 348-1, V.O. 46 and IR 64) had a weak iron content and were not significantly
different between them. Cultivar CK 4 had the highest iron content whereas TOG 6545 had the smallest one.
To appreciate the differential response of cultivars under control conditions and under treated conditions,
an analysis of contrasts realized on the interaction between cultivars and treatments was made. The data
evaluation by Tukey test ( = 0.05) (Table 8, a), showed three tendencies: (1) The cultivar which increased
considerably its iron content (CK 4), (2) the cultivars which little increased it (CG 14, BW 348-1, TOG 6545)
and (3) the cultivars which moderately increased it (others cultivars).
The iron content of treated leaves was responsible of the bronzing and reduced the dry weight of treated
leaves. Indeed, the iron content of treated leaves was correlated positively (**) with bronzing (r2 = 0,48) (Fig.
2.A) and negatively (*) with dry weight of treated leaves (r2 = 0,34) (Fig. 2.B). However, the iron content in
leaves was appreciably decreased when the biomass of the leaves increased. The significant negative
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correlation (**) between iron content of control leaves and dry weight of control leaves (Fig. 2.C) confirms
this observation (r2 = 0,45). Thus, there would be  a "dilution effect" of iron quantities in high dry biomass.
Second, though not statistically significant, a positive correlation between the iron contents of control leaves
and iron content of treated leaves was observed (r2 = 0,15) (Fig. 2.D).This to indicate that the leaves which
had a more important iron content in control conditions also have it in treated conditions. The correlation
between relative ratio and iron content of treated leaves was also not significant.
II. Roots
Organic matter weight
The statistical analysis showed large differences (**) between cultivars. The comparison of the averages
by the Tukey test ( = 0.05) showed that: - Under control conditions (Table 9, a), cultivars of O. glaberrima
presented a high weight of organic matter compared to those of O. sativa and hybrids. The differences
between the cultivars of these last two groups were not significant; - Under treated conditions (Table 9, b)
three tendencies of the cultivars were consided: (1) Cultivars with a high organic matter weight: CG 20,
IRGC 104232, TOG 7105 and TOG 5596 (O. glaberrima); (2) Cultivars with an intermediary organic matter
weight: CG 14, IRGC 104334, TOG 6545, (O. glaberrima), V.O. 46, BW 348-1 (O. sativa) and WAB 450-1
(Hybrid); (3) Cultivars with a small organic matter weight: IR 64, AZUCENA, CK 4, WAB 56-104 (O. sativa),
WAB 880-1, WAB 450-11 and WAB 891-1 (Hybrids). These tendencies were practically the same with those
observed in the dry weight of treated leaves. Indeed, the weight of organic matter of treated roots was
positively correlated (**) with the dry weight of treated leaves (r2 = 0,75) (Fig. 3.A).
Contrasts realized on the interaction between cultivars and treatments was made. The data evaluation
by Tukey test ( = 0.05) (Table 4, b), showed that the cultivars of O. glaberrima, except CG 20, behaved in
the same way by reducing more their organic matter weight under treated condition, compared to those of O.
sativa and hybrids. The differences between this two latter were not significant. However, some cultivars
(CG 20, WAB 450-1, WAB 880-1 and V.O. 46) increased their organic matter weight under treated condition.
The role of biomass in the mechanism of resistance appeared here also. The significant negative
correlation (**) between organic matter weight of treated roots and bronzing (r2 = 0,59) (Fig. 3.B) on the one
hand, and iron content of treated leaves (r2 = 0,41) (Fig. 3.C) on the other hand, confirmed this observation.
However the correlation between the weight in organic matter of treated roots and relative ration of leaves
was not significant.
Minerals content
The statistical analysis showed large differences (**) between cultivars. The comparison of the averages
by the Tukey test ( = 0.05) allows to distinguish three tendencies:
Under control conditions (Table 10, a): (1) Cultivars with a high minerals content: IR 64, CK 4, BW 348-1
(O. sativa), TOG 5596 (O. glaberrima) and all hybrids; (2) Cultivars with a moderately minerals content: CG
20, IRGC 104334 (O. glaberrima), AZUCENA, V.O. 46 and WAB 56-104 (O. sativa); (3) Cultivars with a
small minerals content: TOG 7105, CG 14, TOG 6545, IRGC 104232 (O. glaberrima).
Under treated conditions (Table 10, b): (1) Cultivars with a high minerals content: CK 4, IR 64,
AZUCENA, WAB 56-104 (O. sativa) and all hybrids; (2) Cultivars with a moderately minerals content: IRGC
104334, TOG 5596 (O. glaberrima) and V.O. 46 (O. sativa); (3) Cultivars with a small minerals content: CG
14, TOG 6545, IRGC 104232, CG 20, TOG 7105 (O. glaberrima) and BW 348-1 (O. sativa).
The minerals content of treated roots represents almost completely the iron coating (see Materials and
methods) formed on roots. So to clarify the role of this last one in the plant, correlations between minerals
content of the treated roots and some growth parameters were realized. Mineral content of treated roots was
correlated (Fig. 4) either negatively (**) with dry weight of treated leaves (r2 = 0,54) (Fig. 4.A) and organic
matter weight of treated roots (r2 = 0,56) (Fig. 4.B); or positively (**) with bronzing (r2 = 0,71) (Fig. 4.C) and
iron content of treated leaves (r2 = 0,67) (Fig. 4.D). We thus notice that iron coating is widely responsible for
the reduction of the biomass of leaves and roots on one hand, and for high iron contents in leaves and so for
the level of bronzing of leaves.
Iron contents
The statistical analysis showed large differences (**) between cultivars. The comparison of the averages
by the Tukey test ( = 0.05) globally showed two tendencies both in control  and in treated plants: - Under
control conditions (Table 11, a), cultivars CK 4, IR 64, WAB 56-104, V.O. 46 and all hybrids had a high iron
content, while all cultivars of O. glaberrima and BW348-1, AZUCENA (O. sativa) had a weak iron content; -
Under treated conditions (Table 11, b), all cultivars of O. glaberrima and BW 348-1 (O. sativa) had a weak
iron content, whereas all hybrids, almost all Cultivars of O. sativa and IRGC 104334 (O. glaberrima) had a
high iron content. Among O. sativa cultivars CK 4 and IR 64 had a highest iron content, whereas BW 348-1
had the smallest iron content.
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Contrasts realized on the interaction between cultivars and treatments by Tukey test ( = 0.05) (Table 8, b),
showed three tendencies: (1) The cultivar which increased considerably its iron content (CK 4), (2) the
cultivars which little increased it (IRGC 104232, TOG 7105, BW 348-1) and (3) the cultivars which
moderately increased it (others cultivars).
To understand the role and the movement of iron absorbed in roots under treated conditions,
correlations between the iron content of roots and the growth parameters as well as mineral parameters was
realized. Iron content of treated roots was correlated negatively (**) with dry weight of treated leaves (r2 =
0,48) (Fig. 5.A) and organic matter weight of treated roots (r2 = 0,54) (Fig. 5.B). However it was correlated
positively (**) with bronzing (r2 = 0,62) (Fig. 5.C), iron content of treated leaves (r2 = 0,53) (Fig. 5.D) and
minerals content of treated roots (r2 = 0,84) (Fig. 5.E). This last one correlation must be taken with
precaution because the iron coating (minerals content) was constituted on average by 30 % of iron in our
experimental conditions. We can already note/observe that iron quantities absorbed at the root level would
be proportionally transferred to aerial parts where they are largely responsible for the bronzing on the leaves
and the reduction of the plant biomass.
Discussion
Dry weight of leaves
According to the literature, ferrous iron toxicity delayed the growth. The growth parameters affected are
number of tillers, shoot height, fresh and dry weights (Ponnamperuma et al. 1955; Olaleye et al., 2001; de
Dorlodot et al., 2005). In our study, dry weight decreased in all cultivars, but not always in the same way. In
control conditions, all cultivars of O. glaberrima showed more important dry weights than those of O. sativa
and the interspecific hybrids. Whereas, under treated conditions, three tendencies showed that cultivars
which had a lot of biomass, were mostly O. glaberrima cultivars; intermediary biomass included those
cultivars  of O. sativa with important weight and those cultivars of O. glaberrima with low weight; and
cultivars with small biomass included all hybrids and those cultivars of O. sativa with low weight. Indeed, in
a study on O. glaberrima and O. sativa and their hybrids interspecific on growth and yield potential,
Dingkuhn et al. (1998) concludes that compared with the landrace O. sativa cultivar WAB 56-104, the O.
glaberrima landrace CG 14 had the superior dry weight accumulation only when N was applied to the crop.
In our study, in control and treated (Fe2+) conditions, all cultivars of O. glaberrima presented an important dry
weight compared with those of O. sativa and hybrids. This high dry weight is due by a big biomass of the first
ones with regard to both last ones. This big biomass would certainly be connected to the big height observed
to cultivars of O. glaberrima (data not shown) and a extremely LAI (Leaf area index), SLA (Specific leaf area)
and tillering rates of cultivars O. glaberrima compared to those of O. sativa and hybrids (Dingkuhn et al.,
1998; Dingkuhn et al., 1999; Haefele et al., 2004). In treated condition, cultivars BW 346-1 and V.O. 46
accused an important dry weight with regards to other cultivars O. sativa, because they are less sensitive to
the ferrous stress than the other cultivars of the same species, for example, their level of bronzing are very
low with regard to other O. sativa cultivars (Table 5).
The sterility barrier, which commonly prevents interspecific breeding beyond the F1 generation was partly
avoided by using selected parental materials that show minimal genetic compatibility, and partly overcome
by using one or two back crosses with parental O. sativa (Jones et al., 1997). These back crosses
strengthen the O. sativa characteristics in the hybrid materiel, what would be on the base of the
resemblance observed between most of the cultivars O. sativa and the hybrids in dry weight of leaves.
Under treated conditions, the dry weight of all cultivars regardless species was reduced. Nevertheless
relative ratio of leaves showed that the dry weight of hybrid cultivars reduced moderately under Fe2+,
compared to most of O. glaberrima and O. sativa cultivars. However there is no significant correlation
between relative ratio and the dry weight of leaves. This should show that whatever the reduction level of
weight under Fe2+, the plants which have important biomass or small biomass would more or less keep their
initial relative weight.
Bronzing
The degree of leaf bronzing has been suggested as a good measure of the degree of iron toxicity (IRRI,
1965; Ota, 1968). Bronzing symptoms are due mainly to a secondary oxidative stress or to an antagonism
between Mg and Fe in forming the chlorophyll porphyrin group (Becana et al., 1998). They have been
reported to occur at applied Fe2+ concentration of 10-500 mg L-1 Fe2+ in culture solutions (Green and
Etherington, 1977). The resistance to ferrous iron toxicity is a function of differences in the form and source
of Fe used, varietal tolerance, growth stages, the concentrations of other nutrients, temperature, and solar
radiation (Marschner et Cakmak, 1989; Bode et al.,1995; Becana et al., 1998).
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In our case, when plants were submitted to 250 mg L-1 Fe2+ at pH 4,5 for four weeks, bronzing spots
appeared in most of the leaves of sensitive cultivars and the differences between species on the one hand
and between cultivars on the other hand appeared. Most cultivars of O. sativa showed a high level of
bronzing except for the cultivars V.O. 46 and BW 348-1 (O. sativa) which presented the lowest level of
bronzing with regard to all other studied cultivars. On the other hand, all the cultivars of O. glaberrima
presented a low level of bronzing. The level of sensitivity is in agreement with the hypothesis according to
which O. glaberrima possesses useful traits in terms of tolerance to biotic and abiotic stresses such as
acidity, iron toxicity and drought (Sano et al., 1984).
Besides, the bronzing affects the photosynthetic system and so reduces the growth of the plants.
Indeed, near 50 % of the dry weight of the observed leaves under treated condition would be explained by
the presence of the bronzing on leaves, r2 = 0,48 (Fig.1.A).
Leaf Iron Content and Resistance Mechanisms to ferrous iron toxicity
Rice genotypes differ widely in their mean Fe2+ resistance (Ponnamperuma et al., 1955; Howeler, 1973;
Bode et al., 1995; Luo et al., 1997). Some rice cultivars have been reported to be resistant to high iron
content in their leaf tissue. Indeed when the ferrous iron was not oxidized at the root level and taken up by
the plant, this one develops a resistance mechanism notably regulating mechanisms for the transport of iron
from the roots to the aerial parts (Curie et Briat, 2003); some genotypes produce antioxydative enzymes or
free radical scavengers (Fang et al., 2001 ; Becana et al., 1998); other plants can stock Fe2+ in extra cellular
or cellular compartments, as in plastids where it forms a complex with phytoferritin (Briat, 1998). Moreover,
the iron concentration in the shoots of a rice plant is determined by the iron accumulation rate relative to dry
matter production. Increase in the dry matter production results in the decrease of the iron concentration if
the accumulation rate is constant, which is called a dilution effect (Yamauchi, 1989). Our results showed that
the small iron contents were registered at any cultivars with a high biomass, notably most of the O.
glaberrima cultivars and some better cultivars in weight of O. sativa (V.O. 46 and BW 348). All other cultivars
of O. sativa and hybrids had a small biomass, but with high iron contents. Indeed, the dry weight of leaves
and iron content were negatively correlated both in the control conditions and in the treated conditions, r2 =
0,45 and r2 = 0,34 respectively. Considering the relation between iron content and dry weight of leaves, the
"dilution effect" could here be a resistance mechanism predominant under our experimental conditions.
Organic matter weight of roots
Organic matter weight of roots – which is obtained by the difference between the dry weight of treated
roots and the weight of total minerals (ash) – is considered here as a good indicator to compare the dry
weight of roots, because the real weight of treated roots was distorted by the presence of iron coating (see
Material and methods).
Weight growth of the roots is closely related to weight growth of the whole plant. This relationship is
called allometry or relative growth (Yoshida, 1981). Thus, in a relationship between total dry weight and root
dry weight of 4 rice varieties, IRRI (1978) obtained r2 = 0,99. In our experiments, under treated conditions,
this relationship between dry of treated leaves and organic matter weight of treated roots was very high, r2 =
0,75. Indeed, as for dry weight of leaves, three tendencies showed that cultivars which had high organic
matter weight, were mostly of O. glaberrima; intermediary organic matter weight included the best cultivars
of O. sativa and the least good cultivars of O. glaberrima; and cultivars with a small organic matter weight
included all hybrids and the least good cultivars of O. sativa (Table 9, b). We can deduct, everything being
equal besides this parameter and if the same causes produce the same effects, that the explanations
advanced for leaves remain largely valid for roots as well.
Roots Iron coating, Iron content and Resistance Mechanisms to ferrous iron toxicity
According to the literature, the first mechanism involved in the resistance of plants to ferrous iron toxicity
is the formation of iron coating on the roots. Indeed, oxygen which is not consumed by respiration (Ando et
al., 1983) is released by plants in the rhizosphere (Colin et Crowder, 1989 ; Colmer et al., 1998 ; Kirk, 2003)
and causes the oxidation of Fe2+ into Fe3+, forming a root iron coating (Green et Etherington, 1977) which is
assumed to reduce the entry of iron into the plants (Tanaka et al., 1966; Armstrong, 1967; Chen et al., 1980;
Yoshida, 1981; Ando et al., 1983; Zhang et al., 1998; Zhang et al., 1999). Genotype differences in tolerance
for iron toxicity are thought to be caused by differences in Fe2+ oxidation power in the rhizosphere (Green et
Etherington, 1977; Ottow et al.1982; Bienfait, 1989).
Our results showed significant differences between species on the one hand and between cultivars on
the other hand, not only with regards to the importance of iron coating (minerals content) but also to the iron
content. Both under control conditions and treated conditions cultivars of O. glaberrima presented a small
iron coating and iron content compared to those of O. sativa and hybrids (Table 10). Differences between to
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latter are not significant. However cultivar BW 348-1 (O. sativa) showed the lowest iron content of all
cultivars.
About the iron content in the roots, the dilution effect (Yamauchi, 1989) could also explain the low iron
contents in roots because this latter was negatively correlated (**) with organic matter weight, r2 = 0, 54 (Fig.
5.B).
In opposite, our results contradict the theory according to which iron coating formed on roots under Fe2+
is a mechanism of resistance which is responsible for the reduction of entry of iron into the plants. Indeed,
mineral content of treated roots (Iron coating) was correlated positively (**) with iron content of treated roots,
r2 = 0,84 (Fig.5.E) and iron content of treated leaves, r2 = 0,67 (Fig.4.D).  It is clear that the iron coating does
not prevent the entry of the iron into the roots, or its transfer towards the leaves where the iron is largely
responsible for the bronzing, r2 = 0,48 (Fig. 2.A). Moreover, the relationship between Mineral content and
bronzing is very high, r2 = 0,71 (Fig. 4.C) and it was negatively correlated (**) with Dry weight of treated
leaves, r2 = 0,54 (Fig. 4.A) and with Organic matter weight of treated roots, r2 = 0,56 (Fig. 4.B).
Indeed, Wang and Peverly (1996) indicated that iron coating on the roots of wetland plants is made up
not only of Fe3+ (the previously accepted concept of iron coating) but also includes Fe2+. Moreover, similar
results have been reported by Ye et al. (1997). In a study on the role of iron plaque on copper and nickel
uptake, accumulation and tolerance in Typha latifolia, they suggested that iron plaque is not an effective
barrier inhibiting Cu and Ni uptake and translocation, and does not enhance Cu and Ni tolerance nor benefit
the growth of seedlings of T. latifolia under hydroponic conditions.
Results from hydroponic experiments might differ somewhat from field data, because the rhizosphere
environment is very different under field and hydroponic conditions (Ye et al., 1997) and the Iron coating
composition and structure might be different under cultural and hydroponic conditions (Crowder et St-cyr,
1991).
Iron uptake and Transport Mechanisms
Iron uptake strategy in grasses monocotyledonous plants (Strategy 2) in limited conditions was well
documented (Marschner, 1995; Briat et Vert, 2004) but not enough under iron excess conditions. According
to Yoshida (1981), the soil solution theory, now generally accepted, proposes that soil nutrients are
dissolved into solution and transported to root surfaces by both mass-flow and diffusion. Mass-flow occurs
when there is a gradient in the hydraulic potential, the sum of gravitational and pressure potential, and
nutrients move along with water flow from higher to lower hydraulic potential. The amount of nutrients to
reach the roots is thus dependent on the rate of water flow or the plant's water consumption and the average
nutrient concentration of the water. Diffusion occurs when there is a gradient in the ion concentration
between the root surface and the surrounding soil solution. The ions move from the concentrated to the
diluted region. The relative importance of mass-flow and diffusion in the transport of a nutrient from the soil
solution to root surfaces depends on concentrations of that nutrient in both soil solution and plant tissue, i.e.
Thus for potassium when the concentration in the soil solution is 80 ppm, and the critical potassium
concentration in rice tissue is 1500 ppm (1.5%) and with the transpiration ratio of rice (300g/g) -The
transpiration ratio is the number of grams of water transpired per gram of dry matter produced-,  the
potassium concentration in rice tissue that can be accounted for by mass-flow will be:
80 x 300/1000 = 24 mg K / 300 g H2O (1)
If this amount of potassium is absorbed by 1 g of dry rice tissue, the potassium concentration in the tissue
will be:
24 mg K x 1000 = 24000 mg K / 1000 g dry weight (2)
= 24000 ppm K
Thus, mass-flow alone can account for the amount of potassium needed for normal growth of rice
(24000 ppm K >> 1500 pm).
In our case, we applied 250 mg L-1 Fe2+ under stress and 4.81 mg L-1 Fe in the normal solution of
Yoshida that is a total of 254.81 mg L-1 Fe. So with a critical iron toxicity concentration within the plant tissue
of 700 mg Kg-1 DW (Yamauchi, 1989), the iron concentration that can be accounted for by mass-flow will
be:
254, 81 mg x 300/1000 x 1000 = 76443 mg Fe / 1000 g dry weight (3)
Thus, in our experiment, mass-flow can account for the amount of Fe needed for normal growth of rice
(76443 mg Fe >> 700 mg). Indeed, the absorption of Fe by the rice plant is not related to the absorption of
water when the concentration of Fe in the culture solution is low. However, when the concentration of Fe is
high, the Fe content in the plant tops increases proportionately with water absorption and the total amount of
Fe absorbed also increases (Tanado et Yoshida, 1978). Thus it is suggested that the absorption of Fe by
mass flow is an important mechanism when Fe concentration is high in the growing medium (Sahrawat,
2004). Furthermore, on the one hand, the positive correlation (r2 = 0,61 **) between iron contents of roots
under control conditions and iron contents of roots under treated conditions, and on the other hand the
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positively correlated (r2 = 0,53 **) iron contents of treated roots and iron content of treated leaves, show that
the cultivars of which control roots had more iron contents tend to accumulate more iron contents in treated
roots, and afterwards in treated leaves, and vice versa. In our experimental conditions, there is certainly a
passive movement of Fe accompanying the absorption of water from the nutrients solution towards the
roots, and from the roots towards the leaves, this flow being induced by the transpiration of the plant.
Conclusion
We conclude that
      1- The cultivars of O. glaberrima are more resistant to the iron ferrous toxicity than those of O. sativa and
hybrids interspecific. Indeed O. glaberrima cultivars showed fewer symptoms than those of the other two
groups: fewer bronzing, weak iron contents in the leaves and few iron coating on the roots. The implied
mechanism of resistance is the “dilution effect “of iron quantities in high biomass contents of the plant. So
cultivars of O. sativa with a important dry weight of the leaves and organic matter weight of the roots, notably
BW 348-1 and V.O. 46 behaved practically as O. glaberrima cultivars. These results can in the appearance
contradict those obtained somewhere else on cultivars such as CK 4 and some interspecific hybrids
(NERICA) selected for their resistance to iron ferrous toxicity. But it is necessary to understand that the
experimental conditions are different. For the rice plants cultivated where the soil contains the silica used as
a substratum, the iron effects will be darkened by the presence of the silica which reduces significantly the
absorption of the iron by the plant and consequently the occurrence of the symptoms (Matsuo and al., 1995).
Some of our attempts (data not shown) confirmed these effects of the silica on plants under ferrous toxicity.
      2- In contradiction to the theory widely known, the iron coating would not be a mechanism of resistance
which is responsible for the reduction of entry of the iron into the plants. Our results showed that the more
there was iron coating formed on the roots, the more the plant contained high iron concentrations and the
more the level of bronzing was high, and vice versa. Thus, the iron coating could rather be considered as
symptoms on the roots showing the level of sensitivity of varieties to the iron ferrous toxicity condition.
   3- The mechanism of absorption and transport of iron into the plant prevailing under iron ferrous toxicity
conditions would be the mass-flow. The ions accompany the flow of water, induced by the transpiration, into
the roots, and from the roots towards the leaves.
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Table 3. Dry weight of leaves classification by Tukey. Means with the same letter are not significantly different.
a) Control plants b) Treated plants
Cultivars Species Means weight (gr) Cultivars Species Means weight (gr)
IRGC 104232 G 3.9014  2.1982 a TOG 5596 G 1.8650  1.1406 a
TOG 5596 G 3.7622  2.0217 a TOG 7105 G 1.8339  1.1057 a
IRGC 104334 G 3.5636  2.1967 a CG 20 G 1.6334  0.9480 a
CG 20 G 3.5376  1.9009 a IRGC 104232 G 1.6152  0.9628 ab
TOG 7105 G 3.4289  2.4809 ab BW 348-1 S 1.3626  0.8308 bc
TOG 6545 G 3.2160  2.3275 ab TOG 6545 G 1.3036  0.8826 bc
CG 14 G 3.1961  1.7644 ab IRGC 104334 G 1.2969  0.7372 c
BW 348-1 S 2.7080  1.4475 bc V.O. 46 S 1.2231  0.6794 cd
AZUCENA S 2.3737  1.2249 cd AZUCENA S 1.1369  0.9017 cde
CK 4 S 2.2572  0.7688 cde CG 14 G 1.0947  0.4721 de
WAB 891-1 H 2.1300  0.8549 cde IR 64 S 1.0076  0.4056 def
IR 64 S 2.0722  0.6954 cde WAB 891-1 H 0.9790  0.4902 def
WAB 450-1 H 2.0500  0.6300 cd WAB 450-1 H 0.9677  0.6651 ef
V.O. 46 S 1.9535  0.7330 de WAB 880-1 H 0.9461  0.6638 ef
WAB 56-104 S 1.8387  0.9926 de CK 4 S 0.8819  0.5368 ef
WAB 450-11 H 1.7983  0.7881 de WAB 450-11 H 0.7574  0.4714 f
WAB 880-1 H 1.6425  1.0201 e WAB 56-104 S 0.7491  0.5181 f
Table 4. Contrasts values interaction between cultivars and treatment of leaves dry weight and roots organic matter weight, classification by Tukey. Means
with the same letter are not significantly different.
a) Leaves dry weight b) Roots organic matter weight
Cultivars Species Contrasts
Values (gr)
Interaction Tukey
classication
Cultivars Species Contrasts
values (gr)
Interaction Tukey
classication
IRGC 104232 G 2,2862 a TOG 6545 G 0,4463 a
IRGC 104334 G 2,2667 a IRGC 104334 G 0,1983 b
CG 14 G 2,1014 a CG 14 G 0,1616 bc
TOG 6545 G 1,9124 ab TOG 7105 G 0,1122 bcd
CG 20 G 1,9042 ab IRGC 104232 G 0,1058 bcde
TOG 5596 G 1,8972 ab TOG 5596 G 0,1034 bcde
TOG 7105 G 1,5950 b WAB 891-1 H 0,0725 bcde
CK 4 S 1,3753 bc AZUCENA S 0,0674 bcdef
BW 348-1 S 1,3454 bc WAB 56-104 S 0,0662 bcdef
AZUCENA S 1,2368 bc CK 4 S 0,0510 bcdef
WAB 891-1 H 1,1510 bcd WAB 450-11 H 0,0452 cdef
WAB 56-104 S 1,0896 cd IR 64 S 0,0336 cdef
WAB 450-1 H 1,0823 cd BW 348-1 S 0,0044 def
IR 64 S 1,0646 cd CG 20 G -0,0349 def
WAB 450-11 H 1,0409 cd WAB 450-1 H -0,0441 ef
V.O. 46 S 0,7304 d WAB 880-1 H -0,0611 f
WAB 880-1 H 0,6964 d V.O. 46 S -0,0804 f
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Table 5. Bronzing scale classification. Means with the same letter are not significantly different.
Cultivars Species         Means
WAB 891 H 6.3333  1.1547 a
WAB 56-104 S 5.6667  1.1547 ab
IR 64 S 5.6667  1.1547 ab
CK   4 S 5.6667  2.3094 ab
Azucena S 5.0000  0.0000 abc
WAB 880-1 H 4.3333  1.1547 abc
WAB 450-1 H 4.3333  1.1547 abc
WAB 450-11 H 4.3333  1.1547 abc
IRGC 104234 G 3.3333  1.5275 abc
CG 14 G 3.3333  1.5275 abc
CG 20 G 3.3333  1.5275 abc
TOG 7105 G 2.3333  0.5773 bc
TOG 5596 G 2.3333  0.5773 bc
IRGC 104232 G 2.3333  0.5773 bc
TOG 6545 G 2.0000  0.0000 c
V.O. 46 S 2.0000  1.0000 c
BW 348-1 S 1.6667  0.5773 c
Table 6. Relative ratio of leaves (%)
Cultivars Species         Means
CG 14 G -65,631
IRGC 104334 G -63,782
CK 4 S -61,243
TOG 6545 G -59,861
WAB 56-104 S -59,094
IRGC 104232 G -58,188
WAB 450-11 H -57,790
WAB 891-1 H -53,432
CG 20 G -52,977
AZUCENA S -52,128
WAB 450-1 H -51,955
IR 64 S -50,860
BW 348-1 S -50,415
TOG 5596 G -50,155
TOG 7105 G -46,706
WAB 880-1 H -41,653
V.O. 46 S -37,206
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Table 7. Iron content of leaves classification by Tukey. Means with the same letter are not significantly different.
a) Control plants b) Treated plants
Cultivars Species          Means weight (gr) Cultivars  Species     Means weight (gr)
WAB 891-1 H 0.1024  0.0991 a CK 4 S 0.4305  0.2551 a
AZUCENA S 0.0825  0.0713 ab WAB 880-1 H 0.3559  0.1817 ab
WAB 880-1 H 0.0717  0.0448 abc WAB 56-104 S 0.3427  0.1042 ab
BW 348-1 S 0.0659  0.0565 abc WAB 450-1 H 0.3401  0.1149 ab
V.O. 46 S 0.0565  0.0331 abc WAB 891-1 H 0.3305  0.0782 abc
WAB 450-11 H 0.0539  0.0474 abc AZUCENA S 0.3205  0.1084 abcd
IR 64 S 0.0526  0.0257 abc WAB 450-11 H 0.2987  0.1103 bcd
WAB 450-1 H 0.0517  0.0416 abc IRGC 104334 G 0.2961  0.1795 bcd
WAB 56-104 S 0.0493  0.0371 abc IRGC 104232 G 0.2949  0.0970 bcd
CG 14 G 0.0429  0.0219 bc TOG 5596 G 0.2773  0.1166 bcd
CK 4 S 0.0397  0.0331 bc IR 64 S 0.2763  0.0689 bcd
IRGC 104334 G 0.0349  0.0272 bc V.O. 46 S 0.2735  0.1383 bcd
IRGC 104232 G 0.0337  0.0268 bc BW 348-1 S 0.2419  0.1287 bcd
TOG 6545 G 0.0337  0.0290 bc CG 20 G 0.2235  0.0983 cd
CG 20 G 0.0219  0.0071 c CG 14 G 0.2200  0.1038 cd
TOG 7105 G 0.0217  0.0067 c TOG 7105 G 0.2183  0.0647 cd
TOG 5596 G 0.0209  0.0111 c TOG 6545 G 0.2079  0.0787 d
Table 8. Contrasts values interaction between cultivars and treatment of iron content classification by Tukey. Means with the same letter are not significantly
different.
a) Leaves iron content b) Roots iron content
Cultivars Species Contrasts
Values (%)
Interaction Tukey
classication
Cultivars Species Contrasts
values (%)
Interaction Tukey
classication
CK 4 S 0,3908 a CK 4 S 29,8021 a
WAB 56-104 S 0,2934 b IR 64 S 29,3465 ab
WAB 450-1 H 0,2884 bc WAB 891-1 H 28,5076 ab
WAB 880-1 H 0,2842 bc AZUCENA S 28,0817 ab
IRGC 104334 G 0,2612 bcd WAB 450-1 H 28,0806 ab
IRGC 104232 G 0,2612 bcd V.O. 46 S 27,4219 ab
TOG 5596 G 0,2564 bcd IRGC 104334 G 26,2730 ab
WAB 450-11 H 0,2448 bcd WAB 450-11 H 26,2031 ab
AZUCENA S 0,2380 bcd WAB 880-1 H 26,0316 ab
WAB 891-1 H 0,2281 bcd WAB 56-104 S 25,8304 b
IR 64 S 0,2237 bcd TOG 5596 G 24,0714 bc
V.O. 46 S 0,2170 bcd CG 14 G 23,9998 bc
CG 20 G 0,2016 bcd TOG 6545 G 23,3583 bc
TOG 7105 G 0,1966 cd CG 20 G 22,4620 bc
CG 14 G 0,1771 d IRGC 104232 G 21,9476 c
BW 348-1 S 0,1760 d TOG 7105 G 21,5834 c
TOG 6545 G 0,1742 d BW 348-1 S 20,4238 c
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Table 9. Organic matter weight of roots classification by Tukey. Means with the same letter are not significantly different.
a) Control plants b) Treated plants
Cultivars Species          Means weight (gr) Cultivars  Species     Means weight (gr)
TOG 6545 G 0.8006  0.5619 a CG 20 G 0,5336  0.2129 a
IRGC 104232 G 0.6367  0.2414 ab IRGC 104232 G 0,5309  0.2024 a
TOG 7105 G 0.6247  0.2366 ab TOG 7105 G 0,5125  0.2271 ab
CG 14 G 0.6018  0.2111 abc TOG 5596 G 0,4783  0.1650 abc
TOG 5596 G 0.5817  0.1966 abcd CG 14 G 0,4402  0.1699 abcd
IRGC 104334 G 0.5571  0.2200 bcde V.O. 46 S 0,3967  0.1164 abcde
CG 20 G 0.4987  0.2103 bcdef BW 348-1 S 0,3847  0.1259 bcde
BW 348-1 S 0.3891  0.1949 cdefg WAB 450-1 H 0,3627  0.3318 cde
AZUCENA S 0.3635  0.2302 defg IRGC 104334 G 0,3588  0.1377 cde
WAB 450-11 H 0.3476  0.1315 efg TOG 6545 G 0,3543  0.1951 cdef
IR 64 S 0.3433  0.0595 efg IR 64 S 0,3097  0.0466 defg
WAB 450-1 H 0.3186  0.1266 fg WAB 880-1 H 0,3087  0.1511 defg
V.O. 46 S 0.3163  0.0577 fg WAB 450-11 H 0,3024  0.1456 defg
CK 4 S 0.3139  0.0920 fg AZUCENA S 0,2961  0.1261 efg
WAB 891-1 H 0.2894  0.1309 fg CK 4 S 0,2629  0.1126 efg
WAB 56-104 S 0.2737  0.1027 g WAB 891-1 H 0,2169  0.0881 fg
WAB 880-1 H 0.2476  0.2014 g WAB 56-104 S 0,2075  0.1060 g
Table 10. Mineral content of roots classification by Tukey. Means with the same letter are not significantly different.
a) Control plants b) Treated plants
Cultivars Species         Means content (%) Cultivars  Species   Means content (%)
IR 64 S 12.1705  1.2222 a CK 4 S 54.5130  11.8879 a
WAB 880-1 H 11.4511  3.6669 ab WAB 891-1 H 54.1631  12.4690 a
WAB 891-1 H 11.4463  2.2828 ab WAB 450-1 H 53.2929  11.1437 ab
WAB 450-1 H 11.1672  1.0310 ab WAB 880-1 H 52.6325  11.6749 ab
CK 4 S 11.1284  1.1139 ab IR 64 S    51.9517  9.2660 ab
WAB 450-11 H 10.8789  1.6162 ab AZUCENA S 50.8894  14.3130 ab
TOG 5596 G 10.4868  1.3159 ab WAB 450-11 H    50.7928  9.6618 ab
BW 348-1 S 10.4839  1.1807 ab WAB 56-104 S 49.7104  10.4924 ab
CG 20 G 10.0066  2.4864 abc IRGC 104334 G 49.1865   8.9236 abc
AZUCENA S 9.7703  2.1393 abc V.O. 46 S 46.8624  10.6201 abcd
V.O. 46 S 9.7249  2.3443 abc TOG 5596 G 46.0069  10.9032 abcd
WAB 56-104 S 9.7053  3.3958 abc CG 14 G 45.1553   7.4084 bcd
IRGC 104334 G 9.4919  1.8100 abc TOG 6545 G 45.1018   7.2254 bcd
TOG 7105 G 9.2908  2.8729 bc IRGC 104232 G 45.0914  10.9342 bcd
CG 14 G 9.2487  2.1733 bc CG 20 G 44.8558   7.9007 bcd
TOG 6545 G 9.1433  1.7794 bc BW 348-1 S 41.0172   9.4579 cd
IRGC 104232 G 7.5790  1.5006 c TOG 7105 G 39.5476  10.9032 d
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Table 11. Iron content of roots classification by Tukey. Means with the same letter are not significantly different.
a) Control plants b) Treated plants
Cultivars Species         Means content (%) Cultivars  Species   Means content (%)
WAB 880-1 H 2,0204  0.9264 a CK 4 S 31,6689  13.1052 a
CK 4 S 1,8669  1.9763 a IR 64 S 31,0410  10.8316 a
IR 64 S 1,6945  0.6484 ab WAB 891-1 H 30,0199  10.0994 ab
WAB 891-1 H 1,5114  0.6069 abc WAB 450-1 H 29,5328  8.8185 abc
WAB 450-11 H 1,5079  0.5392 abc AZUCENA S 29,1831  11.2357 abcd
WAB 450-1 H 1,4524  0.4201 abcd V.O. 46 S 28,8040  10.8592 abcd
WAB 56-104 S 1,3856  0.6853 abcd WAB 880-1 H 28,0517  9.2612 abcde
V.O. 46 S 1,3821  0.4775 abcd WAB 450-11 H 27,7106  8.5994 abcde
AZUCENA S 1,1013  0.3890 bcde WAB 56-104 S 27,2156  7.3555 abcdef
BW 348-1 S 1,0232  0.3736 bcde IRGC 104334 G 27,1969  6.1100 abcdef
CG 20 G 0,9530  0.6010 cde TOG 5596 G 24,9362  6.2644 bcdefg
TOG 7105 G 0,9316  0.6075 cde CG 14 G 24,7828  4.7604 cdefg
IRGC 104334 G 0,9240  0.3417 cde TOG 6545 G 24,1917  5.0178 defg
TOG 5596 G 0,8646  0.3448 cde CG 20 G 23,4152  5.7843 efg
TOG 6545 G 0,8337  0.5686 cde IRGC 104232 G 22,6041  9.0812 fg
CG 14 G 0,7832  0.3472 de TOG 7105 G 22,5145  7.5499 fg
IRGC 104232 G 0,6564  0.1416 e BW 348-1 S 21,4470  12.7619 g
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Figure 1. Relations between Bronzing, Relative ratio and other parameters
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